dizygotic twins [2, 3] and results from genome-wide association studies [4, 5] underline an inherited genetic predisposition. Despite features of an autoimmune disease, general immunosuppressive agents proved disappointing in PBC. Ursodeoxycholic acid (UCDA), the only US Food and Drug Administration-approved drug for PBC, improves serum liver tests and restores secretin responsiveness, but does not delay time to liver transplantation significantly and has no effect on itch and fatigue [6] . The development of an effective therapy, therefore, awaits new insights into the disease mechanism and identification of its etiology. Readers are referred to a recent review by Dyson et al. [52] for potential novel therapeutic targets in different aspects of PBC from aberrant immune response, cholestatic injury, fibrosis to itch and fatigue.
In this review, we summarize how recent evidence supports that soluble adenylyl cyclase (sAC; ADCY10), an evolutionarily conserved bicarbonate sensor, is an important regulator of bile salt-induced apoptosis and a potential therapeutic target in cholestatic cholangiopathies.
The Bicarbonate-Responsive sAC Mediates G-Protein Independent cAMP Signaling
sAC is an evolutionarily conserved member of the mammalian adenylyl cyclase family that was relatively recently discovered. Its activity was first detected in the cytosolic fraction of adult rat testes homogenates and was found to be Mn 2+ -dependent and insensitive to fluoride, LH and FSH stimulation [7, 8] . This was a surprising finding at that time in that the canonical mammalian adenylyl cyclase activity was known to reside solely at the plasma membrane. Only after 2 decades, the molecular identity of this enigmatic adenylyl cyclase activity in cytosol was finally cloned and characterized from rat testes, where sAC is most abundant [9] . In the human genome, the single-copied gene ADCY10 encodes an 187 kD full-length enzyme together with many shorter isoforms as a result of extensive splicing and is expressed in a wide range of tissues [10] . The presence of sAC in human liver [11] and mouse primary cholangiocytes [12] has been demonstrated.
Although both belong to class III nucleotidyl cyclases, sAC differs from the transmembrane adenylyl cyclases (tmAC; ACDY1 ∼ ACDY9) in several aspects [13] ( fig. 1 ) . First, sAC is not regulated by G proteins, nor is it activated by pan-tmAC activators, such as forskolin (FSK) and fluoride [7] [8] [9] . Rather, sAC is activated by bicarbonate and fine-tuned by calcium [11, [14] [15] [16] . Second, while tmACs are localized on the plasma membrane, the sAC isoforms are found in several subcellular compartments, including the cytosol [17] , mitochondria [18, 19] , cytoskeleton [20] and nuclei [21] . Third, as a result of its intracellular localization, sAC produces cAMP in response to intracellular fluctuations of bicarbonate and calcium, while tmACs relay the extracellular signals that activate G protein-coupled receptors (GPCR).
The cAMP signaling of sAC is versatile. In the presence of carbonic anhydrase, the fluctuation in proton concentration is instantly translated into that of bicarbonate. Therefore, sAC is a perfect sensor for pH homeostasis.
In addition to its roles in pH homeostasis via bicarbonate sensing, sAC also regulates mitochondrial oxidative figure) or inhibit (Gα i ) the activity of tmAC, ADCY1 ∼ 9. In contrast to tmAC signaling, sAC takes place in different subcellular compartments, including cytosol, mitochondria and nuclei. sAC is activated by bicarbonate and calcium, but not G protein or the pan-tmAC activator FSK. The specificity of cAMP signaling is made possible by scaffolding proteins that assemble the adenylyl cyclase, cAMP effectors (PKA and Epac), and the substrates in signaling microdomains bordered by cAMP-impermeable membranes or phosphodiesterases, which degrade cAMP. phosphorylation, glycogenolysis, tumor necrosis factor signaling in neutrophils, endothelial barrier function, spermatogenesis and fertilization [22, 23] .
The Biliary Bicarbonate Umbrella Hypothesis and Its Flip Side
Just like the stomach and small intestines are capable of digesting food without digesting themselves, biliary epithelia are equipped with defensive mechanisms that allow the transit of the bile salts, the biological detergent, at high concentration without being dissolved. In this regard, it seems that bicarbonate is the evolutionarily favored anion for this defensive measure.
The frequent association with exocrine failure (salivary glands, lacrimal glands, pancreas, etc.) in PBC patients led Prieto, Medina et al. [24] to hypothesize that impaired bicarbonate secretion might underlie these exocrine pathologies. They found that anion exchanger 2 (AE2; SLC4A2), a chloride/bicarbonate exchanger, is downregulated in the apical membrane of both hepatocytes and cholangiocytes and in peripheral blood mononuclear cells in PBC patients [24, 25] . Consistent with the hypothesis, the expression of AE2 in the salivary glands of patients with Sjögren's syndrome is also downregulated [26] . In addition, the correction of impaired secretin-stimulated biliary bicarbonate secretion and AE2 expression on the apical membranes of hepatocytes and cholangiocytes parallels biochemical response in UCDA-responsive PBC patients [24, 27] . Furthermore, AE2 a,b -/-mice have increased serum alkaline phosphatase and develop anti-mitochondrial antibody targeting the E2 subunit of pyruvate dehydrogenase complex as they age [28] .
Recognizing the importance of bicarbonate secretion as a protective measure against bile salts, a defective 'biliary bicarbonate umbrella' was proposed as a common pathology of fibrosing cholangiopathies [29] . The protonated bile salts (BAH) are nonpolar, can enter cells by diffusion and cause apoptosis. The core concept of biliary bicarbonate umbrella hypothesis is that the biliary bicarbonate secretion serves to maintain an alkaline barrier, which renders bile salts in their polar, deprotonated and membrane-impermeant status. When the bicarbonate secretory machinery fails, as may be expected during the downregulation of AE2 expression, cholangiocytes may become vulnerable to millimolar concentrations of bile salt monomers that normally pass along the bile ducts. To test this hypothesis, Hohenester et al. [30] used the immortalized human cholangiocytes cell line H69 (hereafter referred to as H69 cholangiocytes) as a model and demonstrated that bile salt toxicity is pH-dependent and that knockdown of AE2 indeed sensitized H69 cholangiocytes to bile salt-induced apoptosis. However, AE2-knockdown H69 cholangiocytes were also more vulnerable to apoptosis induced by etoposide, which enters cells in a pH-independent fashion. This unexpected finding indicates that while bicarbonate secretion might be important for keeping bile salt and other weak acid toxins out of cells, bicarbonate retention could have a more general impact on the regulation of apoptosis.
sAC as a Novel Regulator of Bile Salt-Induced Apoptosis
So how does bicarbonate retention sensitize cholangiocytes to apoptotic stimuli, if it would? Obviously the deranged homeostasis of intracellular pH would cause cellular distress and reduce the threshold to apoptosis, but a few observations and evidence suggest that sAC, an evolutionarily conserved bicarbonate sensor, might mediate the sensitization to apoptosis. First, fibroblasts from AE2 a,b -/-mice have an alkalinized intracellular pH, higher cellular cAMP and higher expression of sAC at both the messenger RNA level and protein level [31] . Second, the expression of sAC is highest in the testes, and AE2 a,b -/-mice are infertile due to increased apoptosis in seminiferous tubules and epididymis [32] . Third, sAC is upregulated in both small and large cholangiocytes in mice during experimental cholestasis induced by either alphanaphthylisothiocyanate or lipopolysaccharide [12] . Lastly, sAC has been shown to mediate apoptosis in several models, including simulated ischemia/acidosis in coronary endothelial cells [17] and cardiomyocytes [33] and oxysterol-and oxidative stress-induced apoptosis in vascular smooth muscle cells [34, 35] . Based on these observations from our laboratory and others, we hypothesize that sAC is involved in bile salt-induced apoptosis.
Using H69 cholangiocytes, we found that sAC is upregulated in AE2 -knockdown human H69 cholangiocytes, recapitulating the previous finding in AE2 a,b -/-fibroblasts. Surprisingly, the inhibition of sAC with the specific inhibitor KH7, which does not inhibit tmAC, not only redeems the different susceptibility to chenodeoxycholate-induced apoptosis in wild-type and AE2 -knockdown H69 cholangiocytes but even prevents bile salt-induced apoptosis altogether. Similarly, knocking down sAC with a lentivirus-mediated shRNA also prevents apoptosis induced by chenodeoxycholate. The protective effect of sAC inhibition is also present when apoptosis is induced by glycochenodeoxycholate. Importantly, chenodeoxycholate-induced apoptosis can also be prevented by sAC inhibition in primary mouse cholangiocytes [36] .
Although cholangiocytes are the primary target in the initial phase of PBC, once cholestasis develops, hepatocytes would also be affected. Bile salt-induced apoptosis in hepatocytes has been extensively characterized and has many features in common with that in cholangiocytes, including increased cytosolic free Ca 2+ [37] , activation of c-Jun N-terminal kinase (JNK) [38] , enhancing ROS production [39] , and releasing cytochrome c as a result of Bax-mediated permeabilization of the mitochondrial outer membrane [40] . On the basis of the similarity in signaling events induced by bile salts, it is likely that sAC also regulates bile salt-induced apoptosis in hepatocytes.
Antagonism between sAC-and tmAC-Mediated cAMP Signaling
The identification of a pro-apoptotic cAMP signaling pathway needs to be reconciled with literatures that suggest cAMP signaling to be protective in bile salt-induced apoptosis [41, 42] . With the discovery of sAC, a cytosolic adenylyl cyclase using protein kinase A (PKA) and exchange factor directly activated by cAMP (Epac) as its cAMP effector, it becomes clear that there must be infrastructures that maintain the specificity of cAMP, a signaling molecule that readily could diffuse through the cytosol. The current theory maintains that the selectivity and specificity of cAMP are controlled by scaffolding proteins like A-kinase anchor proteins [43] and by compartmenting cAMP into microdomains bordered by the activity of abundant phosphodiesterases [44] . It follows that, cAMP produced by sAC can have a different or even opposite effect from that of the G protein-regulated tmACs. In other words, the effect of cAMP is decided by the subcellular localization of the cAMP effector. This is best exemplified by the works of Sayner et al. [45, 46] showing that cAMP produced at plasma membrane strengthens the endothelial barrier, whereas cAMP produced within the cytosol is barrier-disruptive. Also, Kumar et al. [17] demonstrated that sAC-derived cAMP mediates acidosis-induced apoptosis in coronary endothelial cells, while stimulating tmACs by FSK is protective.
This updated concept of cAMP signaling is critical to understand why sAC-derived cAMP mediates bile saltinduced apoptosis, while tmAC-derived cAMP protects against bile salt-induced apoptosis. While cytoplasmic cAMP (derived from sAC) mediates bile salt-induced apoptosis, tmAC-derived cAMP (which can be specifically boosted by FSK stimulation) prevents bile salt-induced apoptosis. Interestingly, tmAC-derived cAMP signaling seems to dominate over sAC-derived cAMP signaling as dibutyryl-cAMP, which is membrane-permeant and activates cAMP effectors from both sAC and tmACs, inhibits bile salt-induced apoptosis. While both the activation of tmAC by FSK and inhibition of sAC by KH7 prevent bile salt-induced apoptosis, only FSK prevents the activation of JNK by bile salts (unpublished observation from our laboratory). This observation suggests that tmAC-derived cAMP signaling probably acts upstream of sAC-derived cAMP signaling.
This implies that the tmAC-derived cAMP possibly inhibits bile salt-induced apoptosis at a step upstream of sAC. The exact mechanism how tmAC signaling antagonizes sAC signaling remains to be investigated, but available evidence suggests that the anti-apoptotic cAMP signaling is mediated via Epac [47] while pro-apoptotic signaling by sAC is PKA-dependent [17, 35] .
Chronic Inflammation, Oxidative Stress and Barrier Function
While bile salt-induced apoptosis is central to cholangiocyte damage in PBC, chronic inflammation, the resulting oxidative stress and compromised barrier function all contribute to hepatobiliary damage and fibrosis. Importantly, chronic inflammation and the resulting oxidative stress are characteristic of PBC even in the early stage when cholestasis is not overt. Lipid peroxidation markers (e.g. 8-isoprostane and malondialdehyde) are increased in PBC patients and plasma glutathione level is reduced to about 30% that of normal subject [48, 49] , which can aggravate bile salt-induced apoptosis. In addition to preventing bile salt-induced apoptosis, targeting sAC in PBC can also help to counteract damage from oxidative stress, as sAC has been shown to mediate oxidative stress-induced apoptosis in both in vivo and in vitro models [17, [33] [34] [35] and TNF-induced respiratory burst in neutrophils [50] .
In addition to bicarbonate secretion, tight junction and glycocalyx on the apical membrane are both essential for forming a bile-resistant cellular lining [30] . Proliferating cholangiocytes in a chronically inflamed environment are especially vulnerable to bile salts before they repolarize and reestablish their tight junctions. Recently, Ivonnet et al. [51] demonstrated that sAC regulates hy- 
Future Perspective
Emerging evidence suggests that sAC plays a critical role in bile salt-induced apoptosis and is a potential therapeutic target in PBC and other cholestatic cholangiopathies ( fig. 2 ) . Targeting sAC has the potential to counteract apoptosis induced by bile salts, oxidative stress and other toxins and xenobiotics in bile. The compromised barrier function in chronically inflamed biliary epithelium is likely to be strengthened by inhibiting sAC. In addition, sAC inhibition is likely to improve chronic inflammation, for example, by targeting TNF signaling. The role of sAC in cholestatic cholangiopathies awaits validation by in vivo experiments. Currently, most studies on sAC focus on its biochemical properties and cell biology. The physiologic functions of sAC are now in the process of being understood and more research effort is needed to explore its potential therapeutic values in diseases involving apoptosis, oxidative stress, disrupt barrier function and chronic inflammation.
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The authors have no disclosures. Fig. 2 . An updated working model of bile salt-induced apoptosis in PBC. Bile salts are weak acid and its membrane permeability is pH-dependent. BAH are nonpolar, membrane-permeant, and toxic. In healthy cholangiocytes, bicarbonate secretion by AE2 helps to keep bile salt in the deprotonated state (BA). In PBC, bicarbonate secretion is impaired as a result of reduced AE2 expression, which increases the entry of bile salts. Inside the cells, bile salts release Ca 2+ from intracellular stores. The retained bicarbonate and increased cytosolic Ca 2+ activates sAC, lowering the threshold for bile salt-induced apoptosis. Inhibition of sAC can prevent bile salt-induced apoptosis, even when AE2 is downregulated.
